We present a new precision radial velocity (RV) dataset that reveals a multi-planet system orbiting the G0V star HD 34445. Our 18-year span consists of 333 precision radial velocity observations, 56 of which were previously published, and 277 which are new data from Keck Observatory, Magellan at Las Campanas Observatory, and the Automated Planet Finder at Lick Observatory. These data indicate the presence of six planet candidates in Keplerian motion about the host star with periods of 1057, 215, 118, 49, 677, and 5700 days, and minimum masses of 0.63, 0.17, 0.1, 0.05, 0.12 and 0.38 M J respectively. The HD 34445 planetary system, with its high degree of multiplicity, its long orbital periods, and its induced stellar radial velocity half-amplitudes in the range 2 m s −1 K 5 m s −1 is fundamentally unlike either our own solar system (in which only Jupiter and Saturn induce significant reflex velocities for the Sun), or the Kepler multiple-transiting systems (which tend to have much more compact orbital configurations).
INTRODUCTION
HD 34445 was first reported to host a planet by Howard et al. (2010) . Their combined data set of 68 precision radial velocities (RV's) measured over 12 years with the Keck Observatory's HIRES spectrometer (Vogt et al. 1994 ) and 50 RV's (Howard et al. 2010) measured over 6 years with the HRS spectrometer (Tull 1998) on the McDonald Observatory Hobby-Eberly Telescope (HET), yielded a 1049-day planet of minimum mass 0.79 M JUP in a mildly eccentric (e=0.27) orbit. Howard et al. (2010) also reported indications of a second possible planet candidate signal at 117 days with minimum mass of 52 M ⊕ , but which needed a significant number of additional measurements to confirm, and to rule out other possible periods.
By the time of the Howard et al. (2010) publication, it was clear to us that this star hosted a quite complex multi-planet system, with periods long enough that it would take years of further observations to adequately characterize. Accordingly, HD 34445 remained a highpriority target on our Keck observing list and we obtained an additional 160 unbinned HIRES velocities up until the end of our final Keck observing run on Jan. 17, 2014. In addition, we obtained a single HIRES velocity harvested from the Keck archive from UT date August 26, 2014 (P.I. Leslie Rogers). We also included HD 34445 as a high-priority target on our target lists for the Planet Finding Spectrometer (PFS) spectrometer (Crane et al. 2010 ) on Carnegie's Magellan telescope, and the Levy Spectrometer of the Automated Planet Finder (APF) at Lick Observatory (Vogt et al. 2014a) . Over the past 18 years we have accumulated a total of 333 precision RV's that indicate a system of at least five additional planets orbiting HD 34445. In this paper, we present the full RV data set and discuss the planetary configuration it implies.
BASIC PROPERTIES OF HD 34445
HD 34445 (HIP 24681) is a bright (V = 7.31) G0V star at a distance of 45.4 pc (Gaia Collaboration 2016) . The basic properties of this star were given in detail by Howard et al. (2010) and are reproduced here for the reader's convenience in Table 1 . As detailed by Howard et al. (2010) , they indicate an old, relatively inactive star of age 8.5 ± 2 Gyr, that lies slightly above the main sequence, is slightly metal-rich with respect to the Sun, and has an expected rotation period (from log R hk ) of ∼22 days. Howard et al. (2010) 's estimates of the age and the rotation rate were obtained using the correlations with log R HK presented by Noyes et al. (1984) . In re-reporting these values in Table 1 , we note that the values should be taken with special caution. HD 34445 is slightly evolved, and the Noyes et al. (1984) relations were derived for main sequence stars. Finally, we note that directed surveys of the star by Mason et al. (2011) using speckle interferometry and by Ginski et al. (2012) using lucky imaging found no evidence for stellar companions to HD 34445.
RADIAL VELOCITIES
The data consist of 333 precision radial velocities obtained with a variety of telescopes. Howard et al. (2010) published a 12-year set of HIRES velocities, along with a 6-year set of 50 HET velocities. Howard et al. (2010) , we find no velocity offset between the pre-fix and post-fix epochs of HIRES data. So in this paper, for velocities obtained from shared HIRES spectra between the CPS and LCES teams, we used our own data reduction pipeline, and refer to these velocities as "LCES/HIRES" velocities (see Table 2 ). The six velocities named "CPS/HIRES" listed in Table 3 were as published in Howard et al. (2010) and were obtained from the CPS data reduction pipeline on their HIRES spectra taken after the team split. We also obtained a set of 54 radial velocities with the APF and a set of 23 radial velocities with the PFS. We traditionally bin our velocities over 2-hour time periods to supress stellar jitter. However, in the present paper, we show all of our HIRES, APF, and PFS velocities as unbinned.
To summarize, our analysis is based on 54 APF velocities, 50 HET velocities, 200 Keck velocities reduced with our pipeline, 6 Keck velocities reduced by Howard et al. (2010) , and 23 PFS velocities. The HIRES, PFS, and APF RVs were all obtained by placing a gaseous Iodine absorption cell in the converging beam of the telescope, just ahead of the spectrometer slit (Butler et al. 1996) . The absorption cell superimposes a rich forest of Iodine lines on the stellar spectrum over the 5000-6200Å region, thereby providing a wavelength calibration and proxy for the point spread function (PSF) of the spectrometer. The Iodine cell is sealed and maintained at a constant temperature of 50.0 ±0.1
• C such that the Iodine gas column density remains constant over decades. Our typical spectral resolution was set at ∼60,000 with HIRES, and ∼80,000 with PFS and APF. The wavelength range covered 3700-8000Å with HIRES, 3900-6700Å with PFS, and 3700-9000Å with APF, though only the 5000-6200Å Iodine region was used in obtaining Doppler velocities.
That iodine spectral region was divided into ∼700 chunks of about 2Å each for HIRES and ∼818 for PFS. Each separate chunk produced an independent measure of the wavelength, PSF, and Doppler shift. The Doppler shifts were determined using the spectral synthesis technique described by Butler et al. (1996) . The final reported Doppler velocity is the weighted mean of the velocities of all the individual chunks. The final uncertainty of each velocity is the standard deviation of all 700 chunk velocities about that mean. A plot of the entire set of 333 precision relative RV's together with our final 6-planet Keplerian model (solid line) is shown in Figure 1 .
We derived Mt. Wilson S-index (Duncan 1991) measurements from each of our HIRES, PFS, and APF spectra to serve as proxies for chromospheric activity in the visible stellar hemisphere at the moments when the spectra were obtained. The S-index is obtained from measurement of the emission reversal at the cores of the Fraunhofer H and K lines of Ca II at 3968Å and 3934 A respectively. In addition, we also report H-index measurements for our post-fix (JD 2453303.12) HIRES as well as PFS spectra. Similarly to the S-index, the Hindex quantifies the amount of flux within the Hα line core compared to the local continuum. We use the Gomes da Silva et al. (2011) prescription, which defines the Hindex as the ratio of the flux within ±0.8Å of the Hα line at 6562.808Å to the combined flux of two broader flanking wavelength regions: 6550.87 ± 5.375Å and 6580.31 ± 4.375Å.
KEPLERIAN SOLUTION
We followed the approach of Tuomi et al. (2014) and Butler et al. (2017) when analyzing the combined radial velocities of HD 34445. That is, we applied a statistical model accounting for Keplerian signals and red noise, as well as correlations between radial velocities and activity data. Moreover, we searched for the signals in the data with posterior samplings by applying the delayedrejection adaptive Metropolis Markov chain Monte Carlo algorithm (Haario et al. 2006; Butler et al. 2017) . With this technique, we were able to search the whole period space for unique probability maxima corresponding to significant periodic signals. When prominent probability maxima were identified, we estimated the parameters of the corresponding models with k = 0, 1, 2, ... Keplerian signals with the common adaptive Metropolis algorithm (Haario et al. 2001) . When assessing the significances of the Keplerian signals, we applied the Bayesian information criterion (see Liddle 2007; Feng et al. 2016 ) but also tested the significances with a likelihood-ratio test (e.g. Butler et al. 2017 ). The statistical model (see Tuomi et al. 2014; Butler et al. 2017 ) for the ith radial velocity measurement obtained at telescope, l, is
This model contains the standard Keplerian parameters (P , K, e, ω, and M o ) that comprise f k (t i ), along with a number of nuisance parameters. These nuisance parameters include the individual telescope velocity zero-point offsets, γ 0,l , the second-order polynomial acceleration, with parameters γ 1 (first-order term) and γ 2 (second- order term), parameters quantifying the linear dependence of radial velocities on S-indices, c l (where ξ i,l is the ith S-index measurement obtained at telescope, l), and moving average parameters φ l . The quantity i,l is a Gaussian random variable with zero mean and variance σ 2 i,l + σ 2 l , where σ i,l is the internal uncertainty estimate on the velocity (as derived from the i th spectra at telescope l), and σ l is an additional white noise component that is a free parameter and specific to telescope l. The parameters , φ, and c are assumed to be independent for each instrument l. The decay constant α is the inverse of the time-scale τ . As discussed in Butler et al. (2017) , we adopt τ = 4 d. The fit is referenced to epoch t 0 = JD 2450000.0.
The analyses were complemented by calculating likelihood-ratio periodograms for spectroscopic activity indicators and photometric data. These periodograms were calculated as in Butler et al. (2017) , i.e. by calculating the likelihood ratio of models with and without a sinusoidal periodicity and by investigating this ratio as a function of the period of the signal. This is essentially a generalized likelihood-ratio version of the Lomb-Scargle periodogram (see e.g. Lomb 1976; Scargle 1982; Cumming 2004; Anglada-Escudé & Tuomi 2012 ) and we could incorporate a linear trend in the baseline model without signals to enable searching for strictly periodic features in the data. The assessment of signal significances was based on χ 2 distributed likelihood ratios. Our analysis reveals evidence for at least five Keplerian signals in the combined APF, PFS, LCES/HIRES, HET, and CPS/HIRES data (Table 8 and Figs. 2 and  3) . The most obvious periodic signal, already reported by Howard et al. (2010) , was easy to find in all periodograms and posterior sampling analyses of the data. The other four signals are presented as unique posterior probability maxima in Fig. 3 . We present the phase-folded radial velocities from all the instruments in Fig. 2 for all the signals, illustrating visually that, although some of the signals are weak, they are well-supported by all instruments. In addition to the signals, we observed polynomial acceleration in the data possibly corresponding to a long-period companion to the star. All the model parameters for the 5-planet model are presented in Table  7 .
We present statistics quantifying the significances of the signals in Table 8 . According to these results, we detect all five signals significantly when applying the likelihood-ratio criterion (see e.g. Butler et al. 2017) . Howard et al. (2010) reported a value of 0.27 ±0.07 for the eccentricity of the single 1049-day planet of their model. However, typically when one is modelling a superposition of several signals with a model containing only one, the model has a bias that shows up as an increased eccentricity. Although the detection threshold corresponding to a false-alarm probability (FAP) of 0.1% is α = 20.52 for a Keplerian model of the signals with five free parameters, we find that the eccentricities of all signals are consistent with zero (Table 7 and Fig. 4 ) implying that circular solutions can be used corresponding to a likelihood-ratio detection threshold of α = 16.27 (three degrees of freedom rather than five). The only signal whose inclusion in the model does not result in likelihood-ratio in excess of the former ratio is the one with a period of 680 days. However, all of the signals correspond to likelihood ratios that satisfy the latter detection threshold. Similarly, we calculated the Bayes factors quantifying evidence in favor of the signals by using the Bayesian information criterion (BIC) approximation (Liddle 2007). We choose this method because the BIC appears to provide a convenient and reasonably reliable compromise, avoiding false positives and negatives when a value of 150 -corresponding to "very strong evidence" according to the Jeffrey's scale as presented by (Kass & Raftery 1995) -is used as a detection threshold (Feng et al. 2016) . As can be seen in Table 8 , inclusion of all the signals in the model yields Bayes factors in excess of a value of ln 150 ≈ 5.01 implying they are significantly detected. As mentioned above, there is evidence for acceleration in the combined data that can be described by using a second-order polynomial. This acceleration cannot be modeled with only a first-order polynomial because the second-order term γ 2 is significantly different from zero. We tested whether the corresponding signal could be modeled by using a Keplerian function, i.e. whether the corresponding signal satisfied the requirements that its amplitude and period were well-constrained from below and above in the parameter space (according to the signal detection criteria of Tuomi 2012). We show the probability distributions of selected Keplerian parameters of this signal in Fig. 6 together with the estimated distribution of minimum mass, and show the radial velocities folded on the signal phase in Fig. 5 . According to our results, the signal is significantly present in the data and wellconstrained in the parameter space. However, regardless of whether we model it with a second-order polynomial or with a Keplerian signal, we obtain a roughly equally good model according to likelihood ratios and Bayes factors. This means that there is some evidence for a sixth candidate planet in the system but continued radial velocity monitoring is required to better constrain the Keplerian parameters of this potential long-period candidate. We have tabulated our six-Keplerian solution in Table 9 .
Correlation with Stellar Activity
We tested whether the radial velocities were linearly connected to the available activity indicators (see e.g. Butler et al. 2017) . The parameters quantifying these connections are tabulated in Table 7 and demonstrate that the APF and PFS radial velocities are not connected to the corresponding S-indices statistically significantly with a 99% credibility. However, the KECK radial velocities show a significant connection with a 99% credibility, which is indicated by the fact that parameter c S,KECK has a 99% credibility interval of [21, 369] which does not include zero. Some of the variability in the KECK radial velocities is thus connected to the variations in the S-indices and originates in stellar activity.
We subjected the KECK, APF, and PFS S-indices to searches for periodicities to see if any of the radial velocity signals had counterparts in this activity index. Although PFS and APF S-indices showed no evidence 
The last column shows the Bayes factors in favor of the signals. for periodicities, we observed a significant signal in the KECK S-indices at a period of 3470 days (Fig. 7) . This signal is likely indicative of a stellar magnetic activity cycle. However, it does not coincide with the long-period radial velocity signal, which suggests that they correspond to different physical phenomena. This supports our interpretation that the long-period radial velocity signal with a period of 5700 days is likely caused by a planet orbiting the star. However, there is also another signal in the KECK S-indices at a period of 211.7 days (Fig. 7 ) that appears to be close to the radial velocity signal of 214.7 days in the period space. Yet, this activity-signal is distinct from the radial velocity signal by being statistically significantly different in period and because the parameters of the radial velocity signal are independent of the S-indices strongly suggesting planetary rather than activity-induced origin for the signal. The H-α values of KECK and PFS were also subjected to a periodogram analysis. We observed a significant periodicity in the KECK H-α values at a period of 372 days (Fig. 7) . This signal might be of astrophysical interest but it cannot be said to be a counterpart of any of the radial velocity signals. Moreover, it is close to a significant yearly periodicity (P max = 365.78 d) in the periodogram of the sample times (the window function). We also looked into correlations of the PFS H-α values with the RV's and found no differences between results with or without a correlation term in the model. There was such a small number of PFS data that the results are not sensitive to RV variability related to H-α emission variations.
The ASAS V-band photometry (Pojmański 1997 ) data of HD 34445 did not show evidence in favour of periodic signals. We selected the aperture with the smallest variance and grade 'A' data of the ASAS measurements and removed all remaining 5-σ outliers. This resulted in a set of 225 measurements with a mean of 7319.0±8.4 mmag. We have plotted the ASAS time-series and the corresponding likelihood-ratio periodogram in Fig. 8 . As can be seen, there is no credible evidence in favor of periodic signals in the ASAS photometry. This might be caused by the fact that the estimated photon noise in the ASAS data appears to be overestimated and much higher in magnitude than the apparent variability (Fig.  8, top panel) .
Apart from hints (with 5% FAP) of a photometric periodicity of 11 days (Fig. 8) , we did not obtain any evidence for a stellar rotation period in the ASAS photometry data or the spectral activity indicators. Specifically, we could not confirm the log R hk -based rotation estimate of ∼22 days stated in Howard et al. (2010) . As an additional point of evidence, we note that a stellar rotation period of P ∼ 26 days is implied by the R = 1.38 R and v sin(i) = 2.7 km s −1 measurements of Howard et al. (2010) . This period is substantially shorter than the P = 49.175 d period of the innermost candidate planet of our velocity model. In summary, our assessment of the effect of stellar activity on the derived Doppler velocities Figure 3 . Estimated posterior probability densities of models with k Keplerian signals as functions of the period parameter of the kth signal for k = 2, ..., 5. The red arrows denote the global probability maxima in the period space whereas the horizontal lines indicate the 10% (dotted), 1% (dashed), and 0.1% (solid) equiprobability thresholds with respect to the maxima indicating that all the detected signals correspond to unique probability maxima in the period space.
leads us to conclude that the periodicities we observe are best explained by stellar reflex motion in response to the Keplerian signals listed in Table 9 .
Dynamical Stability
The 6-planet system seems to be nominally dynamically stable, especially since the eccentricities are not significantly different from zero. Figure 9 shows a 10,000 year Bulirsch-Stoer integration of the 6-planet Keplerian solution of Table 9 . Here colors denote increasing orbital periods in the order red, green, blue, magenta, turquoise, and gold. A detailed investigation of the orbital dynamics of the system is left to other studies, but there appear to be possibilities of 5:1, 3:2, and 7:1 mean motion resonances.
DISCUSSION
We plotted the detection threshold for additional planets orbiting HD 34445 in Fig. 10 . This threshold was calculated according to Tuomi et al. (2014) . The positions of the planet candidates as functions of minimum mass and orbital period are shown for reference and indicate that five detected candidate planets are clearly above the detection threshold. We have also plotted the estimated liquid-water habitable zone of the star for comparison based on T eff = 5836 K and L = 2.01 L (Howard et al. 2010) and estimated according to the equations of Kopparapu et al. (2014) . This liquid-water habitable zone between 'runaway greenhouse' and 'maximum greenhouse' limits of Kopparapu et al. (2014) is located between 1.34 and 2.36 AU for Earth-mass planets and indicates that there is no room for Earth-like habitable planets in the system. However, Earth-sized moons orbiting HD 34445b and HD 34445f could potentially have liquid water on their surfaces. Interestingly, even if the HD 34445 system as presented here is scaled down in mass by a factor of ten (as one might envision occurring if the primary lay near the bottom of the main sequence, and assuming a constant planetary-to-stellar mass ratio), the planets would all be substantially more massive than a terrestrial-like system of the type accompanying, e.g., TRAPPIST-1 (Gillon et al. 2017; Wang et al. 2017) Finally, in Figure 11 we shows the ensemble of known RV-detected planets (gray points), together with the six planets of the present work (bold black points).
We note that HD 34445's V = 7.3 brightness would permit high signal-to-noise measurements of the atmospheric properties of its planets in the event that they were observable in transit. The a-priori geometric probability of transit for the P = 49.175 d innermost planet, e, is P e ∼ 2.4%, with the odds of planet-star occultations decreasing for the bodies orbiting further out. Planet d has a transit probability of just over 1%, while the remaining planets in the system have probabilities that are substantially lower still.
The planetary candidates described in this paper all have radial velocity half-amplitudes in the range 2 m s −1 K 5 m s −1 , while orbiting with periods ranging from tens to thousands of days. This configuration is thus quite unlike either the Kepler multiple-transiting systems (Batalha et al. 2013 ) which, with their summed planet-to-star mass ratios and system densities resemble scaled-up versions of the Jovian satellite systems, or our own solar system, in which only Jupiter and Saturn have K 3 m s −1 . The detection of systems resembling HD 34445 requires stable, high-precision Doppler monitoring, and critically, a very long base line of observations, a confluence that has arisen only recently.
If the catalog of bright, nearby solar-type stars is kept under surveillance, it is plausible that other multipleplanet systems similar to the one described here will be discovered. It seems unlikely, however, that such discoveries will be commonplace. A study such as the one described here is a very costly enterprise (in terms of telescope time), and given that these planets seem clearly uninhabitable, it is difficult to sustain the required cadence of observations on a heavily competed telescope. Indeed, it is only because of the long-term Keck precision radial velocity program sanctioned by the UC TAC that we were able to use the Keck/HIRES facility to obtain few-m s −1 precision over the 18.7 year time base of the present investigation.
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